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ABSTRACT: The shoreline changes in an area of 30 km length on the eastern Bali coast were investigated using aerial 
photographs taken in 1981/82 and a satellite image taken in 2011. A field observation was carried out on November 24, 
2011 to investigate the present coastal conditions, and the erosion mechanism was studied. It was concluded that large-
scale shoreline recession occurred as the reduction process of a river mouth delta owing to a decrease in fluvial 
sediment supply from rivers and to riverbed mining around the mouths of the Ayung and Unda Rivers. 
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INTRODUCTION 
On Bali Island, there was erosion on Nusa Dua, 
Sanur and Kuta Beaches, located in the southern part of 
the island, before the 1980s. Large-scale beach 
nourishment, therefore, was planned to restore the sandy 
beaches as a measure against beach erosion, and the plan 
was implemented from 1990. Owing to this beach 
nourishment, sandy beaches were recovered in these 
areas and now they are effectively used not only by local 
people but also by foreign tourists. Although the 
southern coasts in Bali have been well restored, on the 
eastern Bali coasts, severe erosion is still occurring. For 
example, on the east coast facing the Badung Strait 
extending between the Bali Peninsula and Nusa Penida 
Island, the shoreline has markedly receded. In this area, 
several steep rivers that originate from Mt. Agung 
(elevation: 3,031 m) flow into the sea, and a large 
amount of fluvial sand has been supplied from these 
rivers, resulting in the formation of sandy beaches. 
However, in recent years, riverbed mining has been 
extensively carried out to satisfy the demand for 
aggregate as a construction material, resulting in a 
decrease in the sediment supply to the coasts. This is 
considered to be the major cause of the beach erosion. 
To consider effective measures against beach erosion, it 
is necessary to investigate the actual situation of the 
beach erosion, and the mechanism of the beach erosion 
should be clarified. However, no studies related to the 
cause of beach erosion in this area have been carried out 
in the past. In this study, the shoreline changes were 
investigated on the basis of aerial photographs taken in 
1981/82 and a satellite image taken in 2011 together 
with field observation on November 24, 2011 to 
investigate the present conditions of the beach. On the 
basis of the field data, we investigated the mechanism 
behind beach changes of the coasts. 
 
GENERAL FEATURES OF STUDY AREA AND 
ANALYSIS METHOD 
The study area is a rectangular zone containing a 33 
km stretch of the eastern coast of Bali Island, facing 
Nusa Penida Island in the southeast direction, as shown 
in Fig. 1. The beach material in the study area is 
composed of volcanic sand, because the fluvial sand is 
supplied from volcanic mountains. Aerial photographs 
taken in 1981/82 and a satellite image from WorldView-
2 taken in 2011 were used for the analysis, and changes 
along the entire shoreline between 1981/82 and 2011 
were obtained. Figure 2 shows these aerial photographs 
and the satellite image. Enlarged figures are also shown 
with the locations of the primary observation sites in 
subareas A through E in Fig. 2. 
Fig. 1. Location of study area. 
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Fig. 2. Aerial photographs taken in 1981/82 and satellite image taken in 2011. 
 
Investigating the characteristics of the overall 
coastline from the satellite image taken in 2011, it is 
seen that the shoreline at the west end of the coastline of 
each subarea protrudes, and a hooked shoreline is 
formed downcoast of the protruding shoreline, implying 
that eastward longshore sand transport prevails along the 
coast. In addition, the Ayung, Petanu, Jinah and Unda 
Rivers flow into the ocean in order from the west 
boundary of the area shown in Fig. 2. Among these 
rivers, the largest rivers are the Ayung and Unda Rivers 
with catchment areas of 301 km2 and 225 km2, 
respectively, and the sediment yields (capacities) of 
these rivers are assumed to be 7.9×102 ton/yr and 
4.6×102 ton/yr, respectively, with some uncertainty 
because the actual sediment yield strongly depends on 
the conditions of sabo dams constructed in the river 
basin or the mining of the riverbed.  
In aerial photographs taken in 1981/82, geometrical 
distortion caused by the inclination of the camera and the 
undulation of the geomorphology is included. Therefore, 
orthorectification was carried out for the aerial 
photographs using the satellite image and DEM data 
(SRTM) subdivided by a 90 m mesh. Then the shoreline 
configuration in the photograph was geometrically 
corrected, and the change in the shoreline position owing 
to tide changes was corrected using the astronomical tide 
data measured at Benoa Port located north of Nusa Dua 
Beach. Finally, the shoreline position corresponding to 
the mean sea level (MSL) was determined. 
 
GEOMORPHOLOGICAL FEATURES OF SUB-
AREAS A-E AND SHORELINE CHANGES 
 
Vicinity of Pabean (5) located in subarea A 
Figure 3 shows an aerial photograph of subarea A 
taken in 1982 and the satellite image taken in 2011,  
 
 
along with the location numbers of the observation 
sites, the shoreline position in 1982 and the locations of 
the rocky headlands R1-R6. The coastline extending 
northward from Sanur Beach (1) changes direction near 
Padang Galak (2), and runs northeastward forming a 
concave shoreline, as shown in Fig. 3. The Ayung River 
flows into the sea at the bottom of the concave shoreline. 
The curvature of the shoreline changes at the river mouth 
and the shoreline has a slightly convex form east of the 
river mouth. Furthermore, although the shoreline 
smoothly extends near the Ayung River mouth (3), six 
rocky headlands protrude in the vicinity of Pabean (5), as 
shown by R1-R6 in Fig. 3, with small-scale pocket 
beaches between these headlands. The lengths of the 
pocket beaches are 0.69 km (R1-R2), 0.57 km (R2-R3), 
0.45 km (R3-R4), 0.39 km (R4-R5) and 0.33 km (R5-R6), 
with a gradual decrease in the size of the pocket beaches 
eastward. In addition, the mean wave direction in the 
area between rocky headland R1 and the Ayung River (3) 
is assumed to be clockwise with an angle exceeding 
N142°E, which was derived as the direction normal to 
the shoreline at point P midway between the two 
locations, because the shoreline between the two  
Fig. 3. Aerial photograph taken in 1982 and satellite 
image taken in 2011 of subarea A. 
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Fig. 4. Seawall exposed to waves at Pabean (5). 
 
 
 
Fig. 5. Beach condition northeast of seawall at Pabean 
(5). 
 
locations had retreated in parallel between 1982 and 
2011. Under the oblique wave incidence conditions, the 
angle that the shoreline between R1 and R6 makes to this 
wave direction becomes small increasing proximity to R6, 
resulting in the narrowness of the intervals between the 
pocket beaches. 
Figure 4 shows a photograph of the seawall facing 
west at Pabean (5). It can be seen that waves are 
obliquely incident to the seawall, and the west end of the 
seawall is exposed to waves. The color of the seaward 
surface of the seawall has become black because of 
strong wave action near the location shown by arrow P1, 
and the foot depth of the seawall seems to be large, 
causing vulnerability to wave overtopping and damage 
to the seawall owing to scouring. It can be assumed from 
the coastal condition that the beach has gradually eroded 
at Pabean (5) owing to the decrease in fluvial sediment 
supply from the Ayung River (3) located upcoast of 
Pabean. Figure 5 shows the beach condition northeast of 
the seawall at Pabean. A small stream meanders 
eastward because of the predominance of eastward 
longshore sand transport. 
 
 
Fig. 6. Aerial photograph taken in 1982 and satellite 
image taken in 2011 of subarea B. 
 
 
 
Fig. 7. Sandy beach with a gentle slope extending 
seaward and rocky headland R6 at Purnama (6) 
 
Vicinity of Purnama (6) and Saba (7) in Subarea B 
Purnama (6) is located 1.67 km northeast of Pabean (5), 
as shown in Fig. 6. The coastline becomes hooked east 
of rocky headland R6 located immediately east of Pabean 
(5), and then the shoreline extends straight. Purnama is 
located at the central part of a concave shoreline. 
Although the Petanu River flows into the sea 1.15 km 
east of Purnama, it also meanders eastward near the river 
mouth, and the river flows into the sea near the rocky 
headland R7 as a parallel stream of 0.45 km length along 
the shoreline. This eastward meandering of the river near 
the river mouth is also evidence of the predominance of 
eastward longshore sand transport near Purnama (6). 
The shoreline in the vicinity of Purnama (6) is almost 
stable. The beach width at this site is greater than that at 
Pabean (5), and a sandy beach with a gentle slope 
extends seaward and rocky headland R6 can be seen far 
west of the site, as shown in Fig. 7. 
The next observation site was Saba (7) located 1.88 
km east of Purnama (6), as shown in Fig. 6. The 
coastline between Purnama (6) and Saba (7) changes 
direction at rocky headland R7, and the coastline east of 
Saba again retreats as a hooked bay, implying that 
eastward longshore sand transport prevails near Saba. 
Furthermore, the coastline markedly protrudes near Saba, 
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so that stronger wave action is expected due to the 
concentration of wave energy.  
Figure 8 shows the beach condition facing southwest 
at Saba. Beach materials were composed of black, coarse 
volcanic sand and gravel. Many people collected the 
well-shaped gravel, as building materials, which was 
deposited along the shoreline forming a berm, as shown 
in Fig. 8. The collected gravel was used for the surface 
coating of pavements and there are traders who buy the 
collected gravel in the local area. As a result of 
interviewing people collecting gravel from the beach, it 
was ascertained that they realized that their activity was 
illegal, but they continued their activity because there is 
no other way of earning a livelihood. In Fig. 8, rocky 
headland R7 can be seen in the far distance, and a hooked 
shoreline has formed downcoast of rocky headland R7, 
which is in accordance with the shoreline shape, as 
shown in Fig. 6. 
 
Vicinity of Masceti (8), Lubih (9) and Tegal Besar 
(10) in subarea C 
The locations of Masceti (8), Lubih (9) and Tegal 
Besar (10) in subarea C are shown in Fig. 9. Although 
Masceti (8) is surrounded by rocks on both sides and the 
shoreline protrudes, the coastline east of Masceti has a 
concave shape. Lubih (9) and Tegal Besar (10) are 
located at the bottom of this concave coastline. In this 
area, the shoreline retreated 160 m between 1982 and 
2011. The amount of shoreline recession decreases to the 
east and west ends of the concave shoreline, and 
extensive shoreline recession occurred at the central part 
including Lubih (9) and Tegal Besar (10). Furthermore, 
the Petanu River flowing immediately east of Lubih (9) 
meandered eastward by 1.4 km near the river mouth in 
1982, as shown in Fig. 9(a), implying that strong 
eastward longshore sand transport prevails in this area. 
Under these conditions, it is considered that the beach 
was eroded owing to the decrease in longshore sand 
transport from the west coast and the decrease in fluvial 
sand supply from the Petanu River. 
Figure 10 shows the beach condition at Masceti (8) 
facing southwest. The conditions of wave breaking and 
the foreshore suggest that a sandy beach with a gentle 
slope extends at this site, and a low seawall constructed 
of coral rocks extends along the coastline; stairways are 
attached to the seawall at constant intervals for access to 
the shoreline. 
At Lubih (9) located 2.2 km northeast of Masceti (8), 
there are many stores where local people gather near the 
coastline. Therefore, a revetment was constructed as a 
measure against erosion in recent years. Figure 11 shows 
the beach condition in a photograph taken from the 
foreshore facing southwest. The foreshore slope was as 
Fig. 8. Many people collecting well-shaped gravel as 
building materials. 
Fig. 9. Aerial photograph taken in 1982 and satellite 
image taken in 2011 of subarea C. 
Fig. 10. Beach condition at Masceti (8). 
Fig. 11. Beach condition at Lubih (9). 
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steep as 1/10, in contrast with that at Masceti (8), as 
shown in Fig. 10. Many boats were placed on the riprap 
built along the coastline. The shoreline retreated 160 m 
between 1982 and 2011 at Lubih (9), as shown in Fig. 9, 
and the concave shoreline formed as a result of shoreline 
recession corresponds well to the formation of a steep 
foreshore slope. 
Tegal Besar (10) is located 1 km east of Lubih (9) 
and the shoreline near this village retreated 160 m 
between 1982 and 2011, similarly to the case at Lubih 
(9). Figure 12 shows the west side of the seawall; a scarp 
of 2 m height was formed in front of the houses when the 
seawall collapsed. These conditions correspond well to 
the severe erosion near Tegal Besar (10). 
Although the coastline between Lubih (9) and Tegal 
Besar (10) is concave, as shown in Fig. 9, Klotok (13) is 
located at the protruding shoreline at the east end of the 
concave shoreline. First, Fig. 13 shows the coastal 
condition at Klotok facing west. A low seawall with a 
parking lot behind it was built near the coastline. On this 
beach, gravel mining is carried out similarly to that at 
Saba (7). On the other hand, the Jinah River flows into 
the sea east of the site, as shown in Fig. 14, and this 
small river meanders markedly near the mouth and flows 
out in front of the seawall on the left-hand side of the 
river. Nusa Penida Island is located to the southeast 
offshore of subarea C where Klotok (13) is located, as 
shown in Figs. 1 and 9, and its wave-sheltering effect 
reaches the north of the island. However, because 
subarea C is open to the south, eastward longshore sand 
transport tends to prevail as a whole, resulting in the 
eastward extension of the river mouth bar.  
Furthermore, east of the Jinah River mouth, the 
beach condition shown in Fig. 15 was observed; the 
foreshore slope is as steep as 1/10 and rocky at the site 
shown by arrow P2. Figure 16 shows details. A large 
number of boulders with a diameter of 0.5 m have been 
deposited near the shoreline. Because the boulders are 
not flat but spherical, it was assumed that they were 
transported not by wave action, but through flooding of 
the Jinah River. It can be seen that the large boulders 
Fig. 15. Sandy beach east of the Jinah River mouth. 
Fig. 16. Large number of boulders with a diameter 
of 0.5 m deposited near shoreline. 
Fig. 12. Formation of a scarp of 2 m height in front 
of the houses at Tegal Besar (10). 
Fig. 13. Coastal condition at Klotok (13). 
Fig. 14. Jinah River meandering east. 
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accumulated near the shoreline act as a groin that 
inhibits longshore sand transport and stabilizes the 
shoreline. 
 
Vicinity of Jumpai Factory (14), Unda River (15) and 
Kusamba (16) in subarea D 
Jumpai Factory (14) is located on the right hand side 
of the Unda River (15) mouth, as shown in Fig. 17. On 
both sides of the Unda River, the shoreline receded 
severely between 1982 and 2011, with a maximum 
shoreline recession of 220 m at the river mouth. The 
amount of shoreline recession is larger on the west side 
than on the east side. The distribution of shoreline 
recession, whereby the recession is large at the river 
mouth and decreases on both sides of the river mouth 
with distance, implies that the erosion is mainly due to 
the decrease in fluvial sediment supply as well as the  
riverbed mining.  
At Jumpai Factory (14), the seawall protecting the 
factory was destroyed, as shown in Fig. 18. This was 
consistent with the shoreline recession of 220 m at 
Jumpai Factory between 1982 and 2011. Before reaching 
Kusamba (16), the final destination, we crossed the Unda 
River (15), at the location shown in Fig. 17. Figure 19 
shows a photograph of the riverbed taken from the right 
bank of the bridge. Currently, the riverbed is flat and 
riverbed materials are transported by dump trucks. 
Figure 20 shows a shade picture of the lower Unda River 
produced from DEM data with a 90 m mesh, and it can 
be seen that the riverbed has been excavated. In Fig. 20, 
the cross section along the solid line a-a′ located 500 m 
downstream of the bridge where Fig. 19 was taken, is 
also shown; it can be seen that the riverbed was around 
10 m lower, implying the degradation of the riverbed of 
the Unda River. Large-scale riverbed mining at the Unda 
River was carried out from 2000 until it was prohibited 
in 2007, but illegal mining is still carried out at the Unda 
River. 
Kusamba (16) is located east of the Unda River 
mouth, at which the coastline runs northeast-southwest, 
as shown in Fig. 17. This site is subject to strong wave-
sheltering effect of Nusa Penida Island because of its 
location behind the island, as shown in Fig. 1, and the 
wave strength incident from the south is weaker than that 
incident from the east, which is more open. 
 
Vicinity of Padangbai (18) in Sub Area E 
Padangbai (18) is located at the east end of the study 
area. Figure 21 shows an aerial photograph taken in 1981 
and the satellite image taken in 2011 of the area 
including Padangbai. The coastline east of the Unda 
Fig. 17. Aerial photograph taken in 1981 and satellite 
image taken in 2011 of subarea D. 
Fig. 18. Destroyed seawall at Jumpai Factory (14). 
Fig. 19. Sand mining from riverbed of Unda River. 
Fig. 20. Shade picture of lower Unda River produced 
from DEM data with 90 m mesh. 
 
Long-Term Shoreline Recession on Eastern Bali Coast Caused by Riverbed Mining 
281 
 
River extends straight and suddenly breaks at the rocky 
headland at the east end. The shoreline has retreated 1 
km landward and a small pocket beach has developed, 
where Padangbai is located. In contrast to the black 
beaches composed of volcanic sand on the east coast, 
mainly coral sand is deposited at Padangbai because of 
the existence of a coral reef. 
 
SHORELINE CHANGES OF ENTIRE STUDY 
AREA AND CAUSES OF BEACH EROSION 
Figure 22 shows the shoreline changes in the entire 
study area including subareas A-E. The shoreline 
recession is large in the area between X = 9 km and 12.5 
km around the Unda River mouth, with a maximum 
shoreline recession of 240 m. Taking into consideration 
the formation of a hooked shoreline and the meandering 
of the rivers near the mouth, as mentioned above, and 
that the coastline in subareas A, B and C runs SW-NE 
against the wave incidence from the south, it is clear that 
eastward longshore sand transport prevails in these areas. 
Furthermore, south of subarea A is Sanur Beach, a coral 
reef coast, and there is no sand supply to the north coasts. 
Therefore, the primary source of sand supplied to the 
coast is the Ayung River. Beach erosion in subareas A, B. 
C is assumed to be caused by the decrease in sand supply 
from the Ayung River and sand mining around the 
Ayung River mouth. 
Southeast of the study area is Nusa Penida Island. 
Although the predominant wave direction in the study 
area is approximately from the south, waves incident 
from the south are subject to the wave-sheltering effect 
of this island. Here, the wave field was calculated using 
the energy balance equation (Mase, 2001). Table 1 
shows the calculation conditions. The wave directions 
were assumed to be SSW, S, and SSE, with wave 
Table 1 Calculation conditions. 
Fig. 23. Offshore wave distribution (wave period: 16 s). 
Fig. 22. Shoreline changes in entire study area between 
1981/82 and 2011. 
Fig. 21. Aerial photograph taken in 1981 and satellite 
image taken in 2011 of subarea E. 
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periods of 12 s and 16 s. For example, the calculation 
results for T = 16 s are shown in Fig. 23. Under the 
condition of the predominant wave direction of S, waves 
are incident clockwise to the direction normal to the 
coastline, inducing eastward longshore sand transport 
along the coastline. However, the wave-sheltering effect 
is strong in the area east of Kusamba (16). Sand 
transported from the southern coasts by eastward 
longshore sand transport is considered to be deposited in 
the vicinity of Kusamba. 
Although the Unda River mouth is subject to the 
wave-sheltering effect of Nusa Penida Island, waves are 
simultaneously incident from the east because the 
Badung Strait has an opening to the east. Evidence of 
this can be seen in the aerial photograph taken in 1982, 
as shown in Fig. 17. Setting points P and Q on the right- 
and left-hand sides of the Unda River, the directions 
normal to the shoreline at points P and Q are measured 
to be S1°W and S31°E, respectively. On the other hand, 
a straight line, SR, is drawn in the 2011 satellite image 
that connects the two ends of the coastline where the 
shoreline markedly receded between 1982 and 2011; the 
direction normal to this straight line (S7°E) is 
approximately equal to the wave direction. The 
directions normal to the shoreline in 1982 at points P and 
Q make angles of 8° and -24° clockwise, respectively. 
The shoreline of the Unda River delta in 1982 was 
asymmetric in the east-west direction, with a large 
shoreline curvature on the east side. In addition, no 
significant shoreline changes occurred east of point S 
and the shoreline was stable, as shown in Fig. 17. This 
means that eastward longshore sand transport does not 
prevail between point S east of the Unda River mouth 
and Kusamba (16) and a stable shoreline had already 
been formed. Taking into account these findings, the 
shoreline recession shown in Fig. 17 was triggered by 
the excessive sand mining around the Unda River mouth, 
which was the main reduction process of the river mouth 
delta.  
Finally, the entire eroded area in the study area of 33 
km length between the north end of Sanur Beach and 
Padangbai between 1982 (1981 east of X = 7 km) and 
2011 reached 2.04×106 m2. Assuming the characteristic 
height of beach changes to be on the order of 10 m, 
which can be obtained from the correlation coefficient 
between the shoreline changes and the cross-sectional 
area of the beach, and referring to the value for exposed 
beaches measured in Japan (Uda, 2010), the sand volume 
loss is assumed to be 2.04×107 m3 with an annual rate of 
7×105 m3/yr. 
 
CONCLUSIONS 
Beach erosion has been severe around the Ayung and 
Unda River mouths, and the major causes of the beach 
erosion were considered to be the rapid decrease in 
fluvial sediment supply to the coasts and riverbed mining 
around the river mouth. In particular, even though 
riverbed mining is prohibited by law, extensive mining is 
still being carried out. When excessive sand mining is 
carried out at river mouths, sand movement from the 
surrounding coasts to the river mouth occurs, which is 
the reverse direction of sand movement under normal 
conditions, resulting in further beach erosion on the 
nearby coasts. The prohibition of riverbed mining should 
be more strictly enforced to mitigate beach erosion. 
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